Although feedforward inhibition onto Purkinje cells was first documented 40 years ago, we understand little of how inhibitory interneurons contribute to cerebellar function in behaving animals. Using a mouse line (PC-Dc2) in which GABA A receptormediated synaptic inhibition is selectively removed from Purkinje cells, we examined how feedforward inhibition from molecular layer interneurons regulates adaptation of the vestibulo-ocular reflex. Although impairment of baseline motor performance was relatively mild, the ability to adapt the phase of the vestibulo-ocular reflex and to consolidate gain adaptations was strongly compromised. Purkinje cells showed abnormal patterns of simple spikes, both during and in the absence of evoked compensatory eye movements. On the basis of modeling our experimental data, we propose that feedforward inhibition, by controlling the finescale patterns of Purkinje cell activity, enables the induction of plasticity in neurons of the cerebellar and vestibular nuclei.
Feedforward inhibitory microcircuits, in which interneurons and their target principal cells receive common excitatory input, enhance network performance in many brain regions 1, 2 . In the hippocampus, feedforward inhibition, by reducing the time window of synaptic integration, increases the precision of spike timing in CA1 pyramidal neurons 3 , and plasticity of feedforward inhibition is required to maintain the fidelity of information processing 4 . In the cerebellum, molecular layer interneurons (stellate and basket cells) control Purkinje cells by powerful feedforward inhibition [5] [6] [7] [8] [9] ( Supplementary Fig. 1 ). In addition, subsets of Purkinje cells sparsely inhibit each other via axon collaterals 10 . Purkinje cells provide the only output of the cerebellar cortex and project to the cerebellar and vestibular nuclei. They fire complex spikes in response to climbing fiber activity 11 and simple spikes that reflect the integration of intrinsic pacemaker activity with excitatory and inhibitory synaptic inputs from parallel fibers and molecular layer interneurons 8, [12] [13] [14] [15] .
Although feedforward inhibition onto Purkinje cells was documented more than four decades ago 5 , we still know little about how it contributes to cerebellar function in behaving animals. Fast synaptic inhibition at molecular layer interneuron to Purkinje cell synapses is mediated by a1b2/3g2-type GABA A receptors 16 . The g2 subunit is required to target the receptors to the postsynaptic membrane 17 . To investigate the role of GABA A receptor-mediated feedforward inhibition, we selectively ablated the g2 subunit, and thereby synaptic GABA A receptors, from Purkinje cells (PC-Dg2 mice). The resulting changes that we observed in Purkinje cell simple-spike activity and motor behavior indicate that molecular layer interneurons are essential regulators of cerebellar signal coding and memory formation.
RESULTS

Purkinje cell-specific removal of synaptic GABA A receptors
To remove GABA A receptor-mediated feedforward inhibition onto Purkinje cells, we selectively deleted the GABA A receptor g2 subunit using the Cre/loxP system (Online Methods). Cre recombinase, under the control of the L7 promoter, induced a Purkinje cell-specific deletion of the loxP-flanked Gabrg2 (g2 subunit) gene in the second postnatal week 16, 18 . Ablation of synaptic GABA A receptors from Purkinje cells caused no anatomical alterations of the cerebellar circuitry ( Fig. 1) .
Patch-clamp recordings in acute slices of cerebellar vermis from adult mice showed spontaneous fast inhibitory postsynaptic currents (sIPSCs) at high frequency in all Purkinje cells (n ¼ 21) from control mice ( Fig. 2a) , which could be blocked by the GABA A receptor antagonist SR-95531 (20 mM, data not shown). In contrast, sIPSCs were absent from all Purkinje cells (n ¼ 19) of PC-Dg2 mice (Fig. 2b) . In some PC-Dg2 cells (12 of 19) , small, slow-rising currents remained. However, these produced on average less than 2% of the control synaptic charge (Fig. 2) and probably reflect spillover of synaptically released GABA onto extrasynaptic a and b subunit-containing receptors 19, 20 (Supplementary Fig. 2 ). Consistent with a complete loss of synaptic GABA A receptors, recordings from PC-Dg2 mice in the presence of tetrodotoxin (TTX) confirmed the absence of miniature IPSCs (mIPSCs; Fig. 2c,d) . The loss of synaptic GABA A receptors was restricted to Purkinje cells; mIPSCs in molecular layer interneurons were unaltered in PC-Dg2 mice ( Supplementary Fig. 3 ).
PC-Dc2 mice show altered simple spike patterning
Feedforward inhibition via molecular layer interneurons is rapidly (B1 ms) recruited by parallel fiber activation and curtails the parallel fiber-evoked excitatory postsynaptic potential (EPSP) in Purkinje cells 7, 21 . To determine how the absence of synaptic GABA A receptors affected Purkinje cell responses to parallel fiber stimulation, we analyzed the temporal dispersion (jitter) of evoked Purkinje cell simple spikes (Fig. 3a) . The jitter, quantified as the s.d. of spike latency in a 10-ms window following stimulation (10 V, 100 ms), was strongly Figure 1 PC-Dg2 mice show normal cerebellar morphology and synaptic organization. (a,b) Nissl stains of sections through vermis (sagittal) and flocculus (coronal) revealed no differences between control (a) and PC-Dg2 (b) mice, and the number of Purkinje cells (24.5 ± 2.0 versus 23.9 ± 2.5 cells per 1,000 mm, P ¼ 0.75) and molecular layer interneurons (2.36 ± 0.19 versus 2.28 ± 0.18 cells per 1,000 mm 2 , P ¼ 0.53) were similar in both groups. C, cochlear nucleus; Cb1-10, lobules 1-10; Gr, granule cell layer; Mol, molecular layer; PC, Purkinje cell layer. (c-e) Immunofluorescence labeling in the flocculus showed no differences in the distribution of GABAergic terminals (vesicular g-aminobutyric acid transporter, VGAT, c), climbing fiber terminals (vesicular glutamate transporter 2, VGLUT2, d) and parallel fiber terminals (VGLUT1, e). Quantification of puncta per 1,000 mm 2 revealed no difference (P ¼ 0.27, 0.62 and 0.68, respectively, n ¼ 4). (f-h) Electron microscopy showed no obvious morphological changes in parallel and climbing fiber synapses. (f) Asymmetric synapses between parallel fibers and Purkinje cell spines (asterisks). The density of parallel fiber to Purkinje cell synapses was unchanged (33.0 versus 32.9 synapses per100 mm 2 in PC-Dg2 and control, see Online Methods). (g) Asymmetric synapses made by climbing fibers (CF). Ionotropic glutamate receptors were blocked with 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and D(-)-2-amino-5-phosphonopentanoic acid (D-AP5). Bottom, quantification of mean synaptic charge in a different Purkinje cell, with a 2.5-s recording of sIPSCs and corresponding all-point amplitude histogram. The left-hand peak (most-positive current values), corresponding to the baseline current noise, is fitted with a single-sided Gaussian (white). The peak of the histogram is taken as the zero current value (dotted line in inset). The filled gray area corresponds to all sample points other than those in the baseline noise and thus represents the current produced by phasic synaptic events. In this cell, the mean synaptic charge was 25.9 pC. (b) Corresponding data from two PC-Dg2 mice. sIPSCs were seen in all cells from control mice, but were not observed in cells from PC-Dg2 mice. Slow SR-95531-sensitive currents were seen in B60% of PC-Dg2 cells. For the cell shown in the lower panel, the phasic charge transfer was 2.2 pC. On average, the charge transfer was reduced from 59.8 ± 18.4 pC in control (n ¼ 8) to 1.0 ± 0.5 pC in PC-Dg2 cells (n ¼ 15, P o 0.0002, Mann-Whitney U test). (c,d) Corresponding data recorded in the presence of TTX. Note the different scaling of the current record and the abscissa of the all-point histogram and the complete absence of mIPSCs in PC-Dg2 cells.
increased in PC-Dg2 Purkinje cells (control, 0.81 ± 0.14 ms, n ¼ 12; PC-Dg2, 1.80 ± 0.10 ms, n ¼ 11; P o 0.0001). Acute blockade of GABA A receptors with SR-95531 significantly increased spike jitter in cells from control mice (to 1.45 ± 0.14 ms, P ¼ 0.0011; see also ref. 7) , but, as expected, had no effect in PC-Dg2 cells (1.76 ± 0.10 ms, P ¼ 0.605). We also determined the number of spikes evoked by parallel fiber stimulation ( Fig. 3a ; see Online Methods). On average, 0.60 ± 0.04 spikes were evoked in the 60 ms following each stimulus in control cells and 0.41 ± 0.05 spikes in PC-Dg2 cells (n ¼ 17 and 13, respectively; P ¼ 0.0069). This smaller evoked response is consistent with a reduced parallel fiber excitatory input (see Supplementary Fig. 4 and Discussion). Consistent with the complete loss of GABA A receptor-mediated inhibition in PC-Dg2 cells, SR-95531 increased the number of evoked spikes only in control cells (control, 0.61 ± 0.05 to 0.76 ± 0.08, n ¼ 11, P ¼ 0.0248; PC-Dg2, 0.41 ± 0.05 to 0.45 ± 0.06, n ¼ 13, P ¼ 0.3199). Thus, a loss of molecular layer interneuron-mediated feedforward inhibition in PC-Dg2 mice results in altered simple-spike responses to parallel fiber inputs.
Purkinje cells in cerebellar slices from PC-Dg2 mice showed an increase in simple-spike firing regularity compared with controls ( Fig. 3b ). The mean firing rate at 23-26 1C was not different between groups (12.3 ± 1.6 (control) versus 13.7 ± 0.6 Hz (PC-Dg2), n ¼ 26 and 9, P ¼ 0.062, Mann-Whitney U test), but the coefficient of variation (s.d. divided by the mean) of the interspike interval (ISI) was reduced in PC-Dg2 mice (0.20 ± 0.03 in control versus 0.10 ± 0.01 in PC-Dg2; P ¼ 0.018, Mann-Whitney U test). The coefficient of variation of adjacent intervals (mean value of 2Â ISIn+1 À ISInj j ðISIn+1 + ISInÞ , a measure for the regularity of firing on small timescales 22 ) also differed. The coefficient of variation of adjacent intervals was 0.19 ± 0.02 in control versus 0.10 ± 0.01 in PC-Dg2 mice (P ¼ 0.018, Mann-Whitney U test). Blockade of GABA A receptors with SR-95531 in control Purkinje cells decreased the coefficient of variation of the ISI (0.20 ± 0.04 in control versus 0.13 ± 0.02 in SR-95531 treated, P ¼ 0.024, n ¼ 8) to a value comparable to that found in PC-Dg2 mice (see also refs. 12,15,23) . As expected, SR-95531 failed to alter the coefficient of variation of the ISI in cells from PC-Dg2 mice (0.13 ± 0.02 versus 0.13 ± 0.04, n ¼ 3). Notably, similar results were obtained at near-physiological temperature (34-35 1C) , with no change in the mean rate (51.3 ± 9.1 in control versus 50.0 ± 3.5 Hz in PC-Dg2, n ¼ 9 and 7, P ¼ 0.61, Mann-Whitney U test), but a significant decrease in the coefficient of variation (0.14 ± 0.01 in control versus 0.06 ± 0.01 in PC-Dg2, P ¼ 0.001; Mann-Whitney U test) and the coefficient of variation of adjacent intervals (0.15 ± 0.02 versus 0.06 ± 0.01, P ¼ 0.0099). Finally, we examined whether a loss of inhibition onto Purkinje cells modified long-term plasticity at parallel fiber to Purkinje cell synapses. Neither parallel fiber long-term depression (LTD) nor long-term potentiation (LTP) (see Online Methods) were significantly impaired in PC-Dg2 mice compared with controls (P ¼ 0.624 and P ¼ 0.257, respectively; Fig. 3c,d ).
Learning and consolidation deficits in PC-Dc2 mice PC-Dg2 mice show no obvious neurological abnormality 16 . To assess cerebellar performance, we analyzed compensatory eye movements in male PC-Dg2 mice (n ¼ 9) and littermate controls (n ¼ 8). Mice were exposed to whole-field visual stimuli to determine the amplitude (gain) and timing (phase) of their optokinetic reflex (OKR) and/or tested with turntable stimulation to investigate the same parameters for the vestibulo-ocular reflex in the dark (VOR) and light (visual VOR). PC-Dg2 mice showed a relatively small, but significant, deficit in their OKR, evident as a reduction in gain and a lag in phase compared with controls (P ¼ 0.018 and P ¼ 0.012, respectively, two-way repeatedmeasures ANOVA; Supplementary Fig. 5 ). The VOR gain values and phase leads of PC-Dg2 mice were larger and smaller, respectively, than those of controls (P ¼ 0.012 and P ¼ 0.030, two-way repeatedmeasures ANOVA; Supplementary Fig. 5 ). In contrast, no significant differences were observed during visual VOR (P ¼ 0.43 and P ¼ 0.63 for gain and phase values, respectively; Supplementary Fig. 5 ). Thus, PC-Dg2 mice show small, but significant, abnormalities in motor performance when visual and vestibular systems are investigated separately, but not when they operate together, as under natural conditions or during visuo-vestibular training.
Loss of inhibition onto Purkinje cells had more profound effects on cerebellar motor learning. We studied gain and phase learning by applying a protocol aimed at reducing the gain of the VOR on day 1 (five 10-min sinusoidal, in phase drum and table rotations at 0.6 Hz, both with an amplitude of 51) and subsequently shifting its phase on days 2, 3 and 4 (five 10-min sinusoidal, in phase drum and table rotations at 0.6 Hz, but with drum amplitudes of 7.51 on day 2 and 101 on days 3 and 4, while the table amplitude remained 51). Mice were kept in the dark between the recording days.
Gain-decrease learning of PC-Dg2 (n ¼ 9) and control mice (n ¼ 10) on day 1 was similar (P ¼ 0.11, two-way repeated-measures ANOVA; Fig. 4a,b ). However, when the measurements were resumed the next day, the degree of gain reduction carried forward from the previous day's learning was significantly smaller in PC-Dg2 mice than in controls (P ¼ 0.001; Fig. 4b ). This consolidation deficit was apparent at a wide range of frequencies ( Fig. 4c ). To exclude nonspecific effects (habituation during gain-decrease learning), we tested PC-Dg2 and control mice in nonadapting VOR protocols; notably, mice of both genotypes showed no significant decreases in VOR over consecutive days (last gain value of session 1 versus first value of session 2, P ¼ 0.610 for controls and 0.551 for PC-Dg2 mice; Supplementary Fig. 6 ).
Deficits in gain consolidation were also seen when the drum rotation amplitude was kept constant (three 10-min sinusoidal, in phase drum and table rotations at 0.6 Hz, both with an amplitude of 51; Fig. 4d ). Here too, the initial level of learning was not significantly affected (PC-Dg2 mice versus controls, P ¼ 0.61; n ¼ 6 and 5, respectively), whereas the level of consolidation was significantly reduced (gain day 1 -2, P ¼ 0.034; gain day 2 -3, P ¼ 0.046). Moreover, gain consolidation deficits in PC-Dg2 mice did not depend on the direction of learning. With a gain-increase protocol (five 10-min sinusoidal, out of phase drum and table rotation at 1.0 Hz, both with an amplitude of 1.61), no significant consolidation was present in the PC-Dg2 mice (gain day 1 -2, P ¼ 0.744, n ¼ 6, one-Sample t test). In contrast, consolidation in control mice was present and was significantly stronger than in PC-Dg2 mice (P ¼ 0.002; Fig. 4d) . Notably, the level of gain-increase learning in PC-Dg2 mice was not significantly different from that in controls (P ¼ 0.800). Thus, deficits in consolidation of learned gain changes during both gain-decrease and gain-increase training procedures were not the results of differences in baseline performance. The adaptation procedure provided on days 2, 3 and 4 immediately revealed significant deficits in phase learning in PC-Dg2 mice, starting 10-20 min after the initiation of visuo-vestibular training (for example, at 20 min, P ¼ 0.009; Fig. 4b ). These deficits in phase change acquisition were followed by clear differences in consolidation (for example, from day 2 to day 3, P ¼ 0.0008; Fig. 4d ). Phase adaptation deficits also occurred at a wide range of frequencies ( Fig. 4c ) and were not caused by visual problems in PC-Dg2 mice, as eye movement recordings during the adaptation sessions showed that PC-Dg2 mice were capable of full phase reversal ( Supplementary Fig. 7) . In short, PC-Dg2 mice showed a relatively normal capacity for acquisition during gain-decrease and gain-increase motor learning, but a profound deficit in acquisition during phase adaptation learning and a general deficit in consolidation of gain and phase adaptation.
Abnormal temporal patterns of Purkinje cell simple spikes
Because the flocculus controls the adaptation of compensatory eye movements [24] [25] [26] and Purkinje cells provide the sole output of the cerebellar cortex ( Supplementary Fig. 1 ), we analyzed floccular Purkinje cell activity during optokinetic stimulation (Fig. 5a ). Single units of Purkinje cells that responded optimally to stimulation around the vertical axis were identified by creating tuning curves of their complex spike responses and by identifying a clean climbing fiber pause 26, 27 . The average climbing fiber pause in PC-Dg2 mice and controls was 15.3 ± 0.8 and 18.6 ± 1.3 ms, respectively (55 and 60 PC-Dg2 and control cells, respectively, P ¼ 0.029). The average simple-spike firing frequency amplitude, phase relative to stimulus and modulation amplitude were similar in PC-Dg2 and control mice (Fig. 5b) . However, as predicted by our in vitro recordings, the regularity of Purkinje cell firing was affected.
For floccular simple-spike activities, the coefficient of variation of the ISIs was significantly reduced during visual stimulation in PC-Dg2 mice (P ¼ 0.008; PC-Dg2, n ¼ 55; controls, n ¼ 60; Fig. 5c ). This difference reflected specific changes in temporal patterning, as the coefficient of variation of adjacent intervals was significantly lower in PC-Dg2 mice (P o 0.0001; Fig. 5c , see also Supplementary Fig. 8 ).
If differences in Purkinje cell firing patterns contribute to consolidation deficits in PC-Dg2 mice, we would also expect to find them outside of periods of optokinetic stimulation. Indeed, both the coefficient of variation and the coefficient of variation of adjacent intervals of ISIs were significantly reduced in the absence of stimulation (P ¼ 0.022 and P o 0.0001, respectively; PC-Dg2, n ¼ 41; controls, n ¼ 43; Fig. 5c ). In contrast, the patterns of complex spike activities of Purkinje cells did not differ between PC-Dg2 and control mice (Fig. 5a ,c, see also Supplementary Fig. 9 ). Also, the antiphasic modulation of complex and simple spikes was unchanged (Fig. 5a) , arguing against a critical involvement of molecular layer interneurons in this phenomenon 8 .
Model and simulations
We interpreted the experimental data from the 4-d gain-decrease, phase adaptation routine using a 'distributed memory' model ( Fig. 6 ). Shortterm adaptation is assumed to take place in the cerebellar cortex and is expressed as adaptation of the phase and gain of modulation of Purkinje cell simple spikes, which in turn modulate the activity of target neurons in the vestibular nucleus; this process underlies the rapid VOR gain adaptation observed in both PC-Dg2 and control mice. On a longer timescale, the learned Purkinje cell activity guides plasticity at the target neurons in the vestibular nuclei 28, 29 , the polarity of which is presumably regulated by the precise timing of simple spikes relative to input from mossy fiber collaterals 30 . Simultaneously, a partial extinction of the previously learned changes at the level of the Purkinje cells takes place 31 . The memory is thus partially transferred to the target nuclei, potentially underlying long-term consolidation 29, 32 . After several days of training, this form of 'systems consolidation' ensures that the cerebellar cortex is no longer responsible for the expression of the learned behavior, but mainly regulates the precise timing (phase). In PC-Dg2 mice, the altered temporal patterns of Purkinje cell simple spikes could impair the induction of plasticity in the nuclei and thus consolidation. Given this working hypothesis, we examined whether deficits in VOR gain consolidation and phase adaptation in PC-Dg2 mice could be replicated in a conceptual model of the idealized VOR circuit ( Supplementary Data) . We modeled the modulation of Purkinje cell simple-spike firing during head movement resulting from linear summation of sinusoidal excitatory (parallel fiber) and inhibitory (interneuron) inputs 6 (Fig. 6a,b) . We assumed the gain and phase of such modulation to be regulated through bidirectional plasticity of the inputs 33 (Fig. 6c ) and that Purkinje cells and mossy fiber collaterals subsequently modulate, by linear summation of their activity, the firing of cells in the vestibular nuclei ( Fig. 6d,e ), which in turn control eye movement (Fig. 6f) . As a result of the absence of inhibition in PC-Dg2 mice, the simple spike activation required for adequate modulation of the vestibular nucleus was out of range of the normal plasticity mechanisms in the cerebellar cortex (Fig. 6c ). In addition, impaired plasticity of the inputs to the vestibular nucleus ( Fig. 6e) both abolished consolidation and excluded the possibility of extreme phase adaptations (Fig. 6f) .
Data from four training sessions, each followed by an overnight period ( Fig. 6g) , were simulated using the upper bounds on sinusoidal modulation ( Fig. 6a-f ). Adaptation of modulation ( Fig. 6h) was simulated as an exponential decay from the start position in the polar plot (defined by the initial gain and phase) toward a new position determined by the experimental procedure ( Fig. 6g) . Simulation parameters were chosen to mimic the rate of adaptation observed experimentally (Supplementary Data). Under these conditions, both control and PC-Dg2 Purkinje cells rapidly reached the required modulation during short-term VOR adaptation (Fig. 6h ). However, impairments in both VOR gain consolidation and phase adaptation can be generated if we assume that disrupted plasticity in the vestibular nucleus is caused by poor timing of simple spikes (Figs. 3, 5 and 6h) .
DISCUSSION
Signal coding and plasticity in cerebellar learning
Although inhibitory interneurons in the molecular layer of the cerebellum have been studied extensively [5] [6] [7] [8] , their behavioral relevance has remained enigmatic. We found that these interneurons shape the temporal patterns of Purkinje cell simple spikes and suggest that this process could be essential for plasticity and consolidation in the cerebellar and vestibular nuclei.
Floccular Purkinje cells control the adaptation of compensatory eye movements by modulating the activity of vestibular nucleus neurons ( Supplementary Fig. 1) . To adapt the VOR, two things should happen in the framework of a distributed memory model. First, Purkinje cells should 'learn' the correct simple-spike modulation and express it at sufficient gain to modulate the vestibular nuclei. Second, the input from the direct vestibular pathway to the vestibular nuclei should be suppressed, as it only allows modulation in phase with ipsilateral head movement. The first of these processes is thought to reflect complementary inhibitory and excitatory actions, with plasticity at parallel fiber to Purkinje cell and parallel fiber to interneuron synapses, both under climbing fiber control 13, 24, 25 . The second is thought to occur through plasticity at mossy fiber to vestibular nuclei synapses 25, 28 . In PC-Dg2 mice, the temporal fidelity of Purkinje cell firing was disrupted and consolidation of learned VOR adaptations was severely compromised ( Figs. 4 and 6g) . As induction of various forms of plasticity in the vestibular and cerebellar nuclei could depend on the precise timing of inhibitory and excitatory input from Purkinje cells and mossy fiber collaterals (Supplementary Data), disruption of this timing would impair transfer of plasticity to the nuclei and thus impair systems consolidation. Simple spike trains in Purkinje cells show substantially more temporal patterns than expected from random activation and these patterns are influenced by natural stimuli 22 . Both the electrical coupling among interneurons and the sagittal orientation of their axons 34, 35 (Supplementary Fig. 1 ) could enhance the effects of feedforward inhibition by promoting common firing patterns in ensembles of Purkinje cells in individual zones that are known to project to the same nucleus 26 . The activity patterns of individual Purkinje cells in an ensemble might thus interact with each other and/or with those of mossy fiber and/or climbing fiber collaterals to facilitate the induction of plasticity in the cerebellar and vestibular nuclei 25, 28, 36, 37 . We therefore propose that the vestibular nuclei are the locus for consolidation (see also refs. 29, 32) . Alternatively, both initial learning and consolidation could occur in the cerebellar cortex and the consolidation signal could be preserved in the average simple-spike frequency of a particular Purkinje cell. In fact, changes in simple-spike frequencies in the flocculus of monkeys are sufficient to drive changes in eye velocity during trial-by-trial motor learning 38 . To determine the extent to which spatiotemporal patterns of simple spikes contribute to consolidation and whether this consolidation occurs in the nuclei, future experiments will require simultaneous multi-unit recording from ensembles of Purkinje cells and cerebellar or vestibular nuclei neurons during learning.
Previous studies have identified long-term changes at the parallel fiber to Purkinje cell synapse as a potential plasticity mechanism during cerebellar learning, and some mouse lines with disrupted LTD induction at this synapse show impaired motor learning [39] [40] [41] . However, neither parallel fiber LTD nor LTP were impaired in PC-Dg2 mice. Notably, the motor learning deficits in PC-Dg2 mice differed from those seen in mouse lines in which LTD was impaired by blocking PKC, PKG or aCaMKII activity in Purkinje cells. Furthermore, in the latter mouse lines, acute learning was affected more severely than in PC-Dg2 mice, whereas learning over multiple days of training was less affected [39] [40] [41] [42] .
GABAergic interneurons in the cerebellar cortex have ample possibilities to induce and express plasticity at both the synaptic input and output level 1, 9, 13, [43] [44] [45] . Simultaneous induction of LTP at molecular layer interneuron and parallel fiber to Purkinje cell synapses is required for associative fear conditioning 9 . In this scenario, the potentiation of GABAergic synapses may balance the LTP of excitatory inputs in a form of scaling to preserve coincidence detection of parallel fiber inputs 7, 9 , which mirrors the balanced LTD seen at parallel fiber and interneuron synapses with the same conjunctive climbing fiber pairing 45 . Loss of this scaling mechanism in PC-Dg2 mice might contribute to the observed phenotype.
Inhibition is essential for spike patterning and learning Although PC-Dg2 mice showed marked deficits in cerebellar motor learning, baseline motor performance was only moderately affected. Despite the lack of synaptic GABA A receptors on PC-Dg2 Purkinje cells, we found their average simple-spike frequency to be normal. This could reflect enhancement of another inhibitory input (for example, GABA B receptors) and/or reduced parallel fiber excitatory input. Although GABA B receptor-mediated inhibition of PC-Dg2 Purkinje cells was unchanged ( Supplementary Fig. 10 ), we found a significant decrease in AMPA receptor-mediated EPSC charge transfer after parallel fiber stimulation (P o 0.0025; Supplementary Fig. 4 ). This might allow Purkinje cells to maintain their excitability in a normal operational range in the absence of fast inhibition. In contrast, the loss of temporal fidelity in Purkinje cell responses to parallel fiber stimulation and the increase in simple-spike regularity in PC-Dg2 mice were comparable to the changes seen after acute pharmacological blockade of GABA A receptors 7, 12 (Figs. 3 and 5) . The cerebellum may thus compensate for the loss of certain functions of molecular layer interneurons, but these interneurons are essential for the temporal control of Purkinje cell activity and for both phase adaptation learning and consolidation of gain adaptations.
By deleting synaptic GABA A receptors from Purkinje cells in PC-Dg2 mice, we also disrupted any inhibition mediated by recurrent collaterals of Purkinje cell axons 10, 46 . However, because GABAergic terminals from basket and stellate cells onto Purkinje cells vastly outnumber those from recurrent collaterals and because Purkinje-Purkinje contacts in mice tend to be restricted to young animals 46 , the phenotype that we observed is most likely caused by the loss of inhibition from molecular layer interneurons. Moreover, although it has been proposed that Purkinje cell axon collaterals contribute to fast cerebellar oscillations in adult rats 47 , such oscillations have not been recorded in wild-type mice 10 .
General functional implications
Studies on learning and memory have focused largely on the role of plasticity at excitatory synapses onto projecting neurons. However, GABAergic interneurons also express plasticity, which increases the computational capacity of their microcircuit 1, 2, 9 . We examined the role of fast synaptic inhibition in cerebellar motor learning using genetic dissection of the circuit and our results suggest that feedforward inhibition is essential for specific aspects of procedural learning.
Can our findings be extrapolated to other brain regions? Feedforward inhibition is a common motif throughout the CNS. In the amygdala, it mediates extinction learning of conditioned fear responses 48 . In cortical circuits, some interneuron types may serve functions similar to those that we identified in the cerebellum. For example, feedforward inhibitory interneurons in the hippocampus may promote the temporal fidelity of synaptic integration and action potential generation in pyramidal cells necessary for encoding declarative memories 2,3 . Thus, feedforward inhibition might be an operational necessity for memory formation in different brain circuits.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website. Generation of PC-Dc2 mice. We generated g2I77lox mice by flanking exon 4 of the Gabrg2 gene with loxP sites and changing the codon encoding F77 in exon 4 to I, which resulted in a neutral amino acid substitution 16 . Homozygous g2I77lox mice were crossed with mice heterozygous for g2I77lox and hemizygous for an L7-cre transgene 16, 18 . g2I77lox/g2I77lox; L7-cre (PC-Dg2) and g2I77lox/g2I77lox (controls) littermates were used. Mice were genotyped by PCR analysis of genomic DNA using primers to test for the g2I77lox allele (213bp control, 250-bp g2I77lox) (g2lx5¢_s (5¢-GTCATGCTAAATATCCTA CAGTGG-3¢) and g2lx5¢_as (5¢-GGATAGTGCATCAGCAGACAATAG-3¢)) and primers to test for the cre transgene (250-bp L7Cre) (Cre1 (5¢-GAC CAGGTTCGTTCACTCATGG-3¢) and Cre2 (5¢-AGGCTAAGTGCCTTCTCTA CAC-3¢)).
Morphology. Adult mice were anaesthetized by intraperitoneal injection of ketamine/xylazine and perfused with 4% paraformaldehyde (wt/vol) in phosphate-buffered saline (PBS, pH7.4). Cerebella were cryoprotected in sucrose (10%, 20% and 30% in PBS, wt/vol) and cut into 16-mm coronal sections with a cryostat. Following blocking in normal goat serum (10% in PBS, vol/vol with 0.5% Triton X-100, vol/vol), sections were incubated with antibodies to calbindin (1:10,000, Swant), VGAT (1:3,000), VGLUT1 (1:1,000) or VGLUT2 (1:500, all Synaptic Systems). Sections were rinsed and incubated with secondary antibodies conjugated to Alexa 488 (Molecular Probes) or Cy3 (Jackson Immunoresearch). Sections were examined with a laser-scanning confocal microscope (Zeiss LSM5 Pascal). Stacks of 5-15 sections spaced 250-350 nm apart were acquired (pinhole, 1 Airy unit). Quantification of VGLUT2-positive puncta was carried out on segmented images spanning the molecular layer; eight confocal fields (13,225 mm 2 per field) were counted per mouse (n ¼ 4). For VGLUT1 and VGAT, images acquired at a magnification of 8.1 Â 10 À3 mm 2 per pixel (512 Â 512 pixels) were segmented using a threshold that maximized the selection of immunofluorescent puncta over background. The number and density of puncta were calculated with ImageJ software (http://rsbweb.nih.gov/ij/). For VGLUT1 and VGAT, six and eight fields (2,125 mm 2 per field) were counted per mouse (n ¼ 3 and 4, respectively). To quantify the number of Purkinje cells, we placed a line through the Purkinje cell layer and counted all of the calbindin-positive cells on the line (four sections per mouse, n ¼ 4). The density of molecular layer interneurons was calculated in 3-6 fields (5,000 mm 2 per field) of 3-5 Nissl-stained sections per mouse (n ¼ 4).
For electron microscopy, adult mice (n ¼ 2 per genotype) were perfused with 4% paraformaldehyde and 2.5% glutaraldehyde (vol/vol) in phosphate buffer (0.1 M, pH 7.4). Cerebella were postfixed in the same solution overnight. Blocks of tissue were postfixed in 1% osmium tetroxide (vol/vol, in 0.1 M cacodylate buffer), dehydrated in ethanol and embedded in Epon-Araldite. Ultrathin sections were stained with uranyl acetate and lead citrate and analyzed with a JEM-1010 transmission electron microscope (Jeol) equipped with a side-mounted CCD camera (Mega View III, Soft Imaging System). In each mouse, 90 electron micrographs were taken randomly from the neuropil of the molecular layer at a magnification of 30,000Â (15.7 mm 2 per micrograph) to compare the density of parallel fiber to Purkinje cell synapses.
In vitro electrophysiology. Mice (10-25-weeks-old) were anaesthetized with isoflurane (IVAX Pharmaceuticals) and parasagittal slices (250-300 mm) were cut from the cerebellar vermis/paravermis (HM 650V, Microm International GmbH) as described previously 16 . Slices were transferred to a submerged recording chamber and perfused (1.5-2.5 ml min À1 ) with an external solution containing 125 mM NaCl, 2.5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 25 mM NaHCO 3 , 1.25 mM NaH 2 PO 4 and 25 mM D-glucose, pH 7.4 when bubbled with 95% O 2 and 5% CO 2 . Patch-clamp recordings were made with Axopatch 200A or 200B amplifiers (Molecular Devices) from Purkinje cells visualized under infrared differential interference contrast optics (Zeiss Axioscop or Olympus BX51 WI). Whole-cell and single-channel currents were recorded at 23-26 1C. Simple spike activity was recorded at both 23-26 1C and 34 ± 2 1C in loose cell-attached mode with external solution in the recording pipette. Firing was recorded in voltage-or current-clamp with the pipette current set to zero 12 .
For whole-cell and loose cell-attached recordings, pipettes were pulled from thin-walled borosilicate glass tubing (1.5 mm outer diameter, 1.17 mm inner diameter, G150TF-3, Warner Instruments). For patch recordings, thick-walled borosilicate glass tubing (1.5 mm outer diameter, 0.86 mm inner diameter, GC-150F, Harvard Apparatus) was used. Pipettes were coated with Sylgard resin (Dow Corning 184) and fire polished to give a final resistance of 2-6 MO (whole cell and loose cell attached) or 10-15 MO (single channel). The internal solution contained 140 mM CsCl, 4 mM NaCl, 0.5 mM CaCl 2 , 10 mM N-2hydroxyethylpiperazine-N¢-2-ethanesulphonic acid (HEPES), 5 mM ethyleneglycol-bis (b-aminoethylether)-N,N,N¢,N¢-tetraacetic acid (EGTA) and 2 mM Mg-ATP, pH 7.3 with CsOH. Ionotropic glutamate receptors were blocked with 10 mM D-AP5 and 5 mM CNQX. mIPSCs were recorded in the presence of 0.5-1 mM TTX.
Parallel fiber-evoked responses were recorded in loose cell-attached mode during molecular layer stimulation (a glass pipette containing external solution was placed in fixed position B100-150 mm from the recorded Purkinje cell soma). Stimuli of 5-10 V and 100-ms duration were delivered at 0.5 Hz (Digitimer DS2 isolated stimulator). Recordings were made in the absence of drugs. The effect of GABA A receptor blockade was tested using SR-95531 (40 mM). In all cases tested, 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX) completely blocked evoked responses (data not shown).
Long-term plasticity at parallel fiber-Purkinje cell synapses was examined as previously described 41 . We cut 200-mm-thick parasagittal slices in ice-cold artificial cerebrospinal fluid (containing 124 mM NaCl, 5 mM KCl, 1.25 mM Na 2 PO 4 , 2 mM MgSO 4 , 2 mM CaCl 2 , 26 mM NaHCO 3 and 15 mM D-glucose, bubbled with 95% O 2 and 5% CO 2 ). Experiments were carried out at 23-26 1C with GABA A receptors blocked (100 mM picrotoxin). Whole-cell patch-clamp recordings of Purkinje cells were performed using an EPC-10 amplifier (HEKA Electronics). Pipette resistance was 4-5 MO when filled with intracellular solution containing 120 mM potassium gluconate, 9 mM KCl, 10 mM KOH, 3.48 mM MgCl 2 , 4 mM NaCl, 10 mM HEPES, 4 mM Na 2 ATP, 0.4 mM Na 3 GTP and 17.5 mM sucrose (pH 7.25). LTP was induced by parallel fiber stimulation at 1 Hz for 5 min in current-clamp mode and measured by test responses recorded in voltage-clamp mode. LTD was induced using combined parallel and climbing fiber stimulation 41 . All drugs were obtained from Tocris Bioscience, Ascent Scientific or Sigma.
Eye-movement recordings. Mice (12-30-weeks-old) were surgically prepared under general anesthesia with isoflurane. A construct with two nuts was attached to the frontal and parietal bones using Optibond (Kerr) and Charisma (Heraeus Kulzer). After 5 d of recovery, mice were placed in a restrainer, with their heads bolted to a bar. The restrainer was fixed onto the turntable. A cylindrical screen (diameter 63 cm) with a random-dotted pattern (each element 21) surrounded the turntable (diameter 60 cm). OKR and visual VOR were evoked by independently rotating the screen and turntable (51 amplitude at different frequencies, AC servo-motors, Harmonic Drive AG). The table and drum position were measured by potentiometers and the signal was digitized (CED) and stored for off-line analysis. Eye movements were recorded using an infrared CCD camera fixed to the turntable (240 Hz, ISCAN). Video calibrations and eye movement computations were carried out as described previously 27, 49 .
In vivo electrophysiology. Mice (15-40-weeks-old) were surgically prepared under general anesthesia by mounting a pedestal as described above 27 . A recording chamber was built around craniotomies in left and right occipital bones. Extracellular Purkinje cell activity was recorded using borosilicate glass electrodes (outer diameter ¼ 2.0 mm, inner diameter ¼ 1.16 mm, 2 M NaCl, 4-8 MO). Electrodes were advanced by a hydraulic micro-drive (Narishige). Recordings were made from left and right Crus I and II, paramedian lobule, and (para)flocculus (recordings during optokinetic stimulation were from floccular Purkinje cells). Purkinje cells were identified by the brief pause in simple-spike activity following each complex spike. The raw signal was
